ABSTRACT: Urbanisation leads to increased thermal stress in hot-humid climates due to increased surface and air temperatures and reduced wind speed. We examined the influence of urban morphology and sea breeze on the microclimate of Colombo, Sri Lanka. Air and surface temperatures, humidity and wind speed were measured at 1 rural and 5 urban sites during the warmest season. The urban sites differed in their height to width (H/W) ratio, ground cover and distance to the sea. Intra-urban air temperature differences were greatest during the daytime. A maximum intra-urban difference of 7 K was recorded on clear days. Maximum temperatures tended to decrease with increasing H/W ratio and proximity to the sea. All urban sites experienced a nocturnal urban heat island (UHI) when the sky was clear or partly cloudy. The temperature differences between sunlit and shaded urban surfaces reached 20 K, which shows the importance of shade in urban canyons (reducing long-wave radiation from surfaces). Within the urban areas, the vapour pressure was high (> 30 hPa) and showed little diurnal variation. Wind speeds were low (< 2 m s -1
INTRODUCTION
The hot-humid tropics are experiencing unprecedented urban growth rates (Emmanuel 2005) . It is thought that this period of urban transformation in the hot humid region will be completed in a period of < 60 yr (1950−2010) (cf. WCED 1987 , Oke et al. 1990 /91, Jáuregui 1997 .
Environmental changes brought about by urbanisation have been studied by researchers in medicine, agriculture, geography and climatology (cf. Harrison & Gibson 1976 , Lake et al. 1993 ; however, application of this knowledge in the field of urban planning and design has been limited (see e.g. Eliasson 2000) . Problems such as increased energy use in buildings and deteriorating human comfort have received very little attention among urban planners and designers. This is especially the case in tropical cities, where urbanisation is at its peak. Considering the importance of cities in the national economies of developing tropical countries, a deterioration in the quality of life in tropical cities is likely to have an adverse effect on the respective national economies.
Urban morphology and climate
Cities have a nocturnal urban heat island (UHI) which tends to be more intense in the densely built, downtown area than in the suburbs. Traditionally, the thermal properties of building materials were thought to be the primary cause for this urban climate anomaly. However, evidence indicating the importance of urban geometry to the creation and the magnitude of the UHI phenomenon began to accumulate in the 1970s. Terjung & Louie (1973) were among the first to suggest that the urban-rural daytime temperature anomaly is largely attributable to the aspect of vertical surfaces to the sun.
Comparing the UHI effect of thermal properties and urban geometry, Oke (1981) found no significant correlation between types of man-made surfaces and UHI intensity. The only significant difference observed was between man-made and natural surfaces. Thus, concrete surfaces and asphalt paving, brick and concrete block walls, all contribute more or less equally to the problem of urban heat build-up, while treecovered areas show a remarkable reduction in heat build-up. A comparison of nocturnal UHIs and urban geometry showed that UHI intensity increases with increasing height to width (H/W) ratios of street canyons (see e.g. Oke 1981 Oke , 1988 . However, Oke (1988) argued that non geometrical factors such as heat capacity and anthropogenic heat release may also influence UHI intensities. Todhunter (1990) took the position that, at the microscale, urban geometry was more important in explaining the spatial-temporal distribution of UHIs than surface materials. However, he argued that both the geometry and surface thermal characteristics played an equal role at the mesoscale. Arnfield (1990) and Oke et al. (1991) carried out some of the earliest comparisons of the causes of the nocturnal UHI. Their numerical simulation studies concluded, inter alia, that • Canyon geometry on its own is capable of giving rise to variations in nocturnal cooling which can generate a UHI.
• The magnitude of the UHI also depends on the differences in thermal properties between urban and rural areas. Higher soil moisture (and thus higher heat storage capacity and thermal admittance) makes the rural surroundings less different from urban surfaces. This may explain the lower UHIs found in many tropical cities.
• The presence of clouds, which increase the sky emissivity, results in weaker nocturnal UHIs as well as decreasing differences between different canyon forms.
Urban climate anomaly in tropical cities
Tropical nocturnal UHIs tend to be lower than in temperate climates (Jonsson 2005) . Moreover, while the UHIs in temperate climates tend to be greater in the summer than in the winter, the seasonal difference in tropical regions is related to the wet and dry seasons (Arnfield 2003 , Jonsson 2005 . The nocturnal UHI is strongest during the dry season (e.g. Adebayo 1991 , Jáuregui 1997 , Jonsson 2005 . The main reason is believed to be the smaller urban-rural differences in thermal properties because of more humid rural surroundings (higher humidity increases the heat capacity of soil; see also Oke et al. 1991) .
Although the nocturnal UHI is well studied, the daytime urban climate has received less attention. In general, the urban-rural differences are smaller by day than by night, and the city can be either warmer or cooler than the rural surroundings (Arnfield 2003 , Emmanuel 2005 . Shade can lead to a daytime cool island (Oke et al. 1991, Johansson in press) in deep canyons. In their review of tropical UHI studies, Jonsson (2005) reported both daytime heat and cool island observations.
Hot climates tend to lead to larger intra-urban thermal differences than do cooler climates (Emmanuel 1997) . The variation in urban microclimate and its implications on thermal comfort in the hot-humid tropics are discussed in Emmanuel (2005) .
Aim of the study
Although the number of UHI studies in tropical cities has increased in recent decades (Arnfield 2003) , they are still few compared to the number in temperate climates, especially concerning the influence of urban design on the daytime urban microclimate.
This study empirically examines the microclimate effects of the existing urban morphology of Colombo, Sri Lanka, and highlights some adaptation strategies that could improve the microclimate at street level. This study concentrates on climatic aspects; the effect of the microclimate on human comfort, including the calculation of an outdoor thermal comfort index, is presented in Johansson & Emmanuel (in press ).
STUDY AREA
The city of Colombo (Fig. 1 ) is located at 6°54'N, 79°52'E on Sri Lanka's West coast. The municipal area of the city, which had a daytime population of 0.65 million in 2001, is in the center of the largely urbanized Colombo Metropolitan Region (CMR) of 5.3 million inhabitants. The CMR, which covers 3 administrative districts (Colombo in the center, Gampaha to the N and E, and Kalutara to the S) has an N-S extent of about 100 km and extends 40 km inland.
Urban structure
Colombo has low building density with high green cover and many low-rise buildings. Due to the natural limits to the West (Indian Ocean) and the East (extensive marshlands), the city has generally grown in a N-S direction along the national highways (Fig. 1) . The combination of wide streets and low-rise buildings results in low H/W ratios, except in the central business district (the old colonial Fort area) and the old commercial quarters (Pettah). The former is characterized by high-rise buildings with some very high tower buildings, while the latter is characterized by a continuous built up street frontage of medium-rise buildings (3 to 4 stories) on narrow streets. The main transport axis in the city, Galle Road, runs N-S some 200 m parallel to the coast and is bordered by medium-rise buildings along much of its length within the city.
The ground cover and amount of vegetation vary greatly between neighborhoods, from an almost complete canopy cover in exclusive residential neighborhoods to paved/asphalted streets with few trees in less affluent sectors. The city has only a few parks. The outskirts of Colombo can be characterized as semi-urban; buildings are mainly positioned along the roads and the areas in between consist of agricultural land, including paddy and cash crop fields, marshes, open areas and water bodies.
Climate conditions 1
Colombo is a lowland region with a typically hothumid climate that is affected by the seasonal wind reversal of the Asiatic monsoon. The monsoon blows from the SW from late May to late September and the NE from late November to mid February. Air temperature and humidity are high throughout the year (see Fig. 3 ). Wind speeds are low, especially during the inter-monsoon periods of March to April and October to November. The annual rainfall is 2300 mm, with 2 seasonal peaks (see Fig. 3 ). Solar radiation is intense under clear sky conditions. However, there is a high probability of cloud development, especially during the afternoon. The mean daily sunshine duration varies between 5 h in June and 9 h in February.
METHODS

Selection of measurement sites
Based on the geographical features of the city, we predicted that the main variables influencing the urban climate in the city of Colombo would be morphology, land cover characteristics and the distance from the sea. We selected 6 measurement sites to reflect these variables, 5 within the city of Colombo and its suburbs and 1 rural site (see Fig. 1 ). The urban sites represent different neighborhoods ranging from dispersed, low-rise suburban areas to densely populated downtown areas and the high-rise business district (Fig. 2) . The following land cover classes were studied: buildings, hard surfaces (asphalted roads and paved surfaces) and green cover. Except for the sea, there were no water bodies in the vicinity of the selected sites. The rural site, situated in an agricultural area some 30 km east of Colombo, was surrounded by rubber plantations. Land cover information for a radius of 200 m around each site, was obtained from aerial images and Computer Assisted Design (CAD) drawings. The latter consist of polygons which indicate the areas covered by buildings, roads/hard surfaces and water bodies. Information about the vegetation was assessed from aerial photographs. The characteristics of the sites are given in Table 1 . The ground cover around each measurement site varied, but the surface materials within the urban canyons were similar. With the exception of the University of Moratuwa (UoM) site, which had a graveled road, ground surface materials consisted of asphalted roads and concrete sidewalks. Building facades generally consisted of plastered bricks or concrete blocks. However, urban geometry and distance to the sea varied (Table 2) .
Field measurements
Field measurements were carried out during the period of April 30 to May 16, 2003 . The measurements were taken during the inter-monsoon period, which is characterized by relatively high temperatures and humidity ( Fig. 3) Air temperature and relative humidity within the street canyons were measured continuously. Air temperature, relative humidity and global solar radiation above roof level were also recorded at the UoM site. Fig. 2 shows the positioning of the measurement equipment within the urban canyons. The rural measurements were made in a clearing within a rubber plantation with few built-up areas in the vicinity. The measured parameters and the instruments used are given in Table 3 . All the temperature and humidity probes were shielded with white plastic radiation screens. The instruments were calibrated in climate chambers before the commencement of the study and they were calibrated against each other at the end of the measurement period (May 13 to 16, 2003) at the Nugegoda (NUG) site.
Following Oke (2004) temperature and humidity probes should be partitioned as close to pedestrian height as possible and sufficiently away from vertical surfaces. However, this was not possible, for practical (vehicle and pedestrian traffic) and security reasons (risk of theft). Thus, the actual positions in some cases were not ideal (see Fig. 2 ). However, air temperature differences within an urban canyon are relatively small, except near the canyon surfaces (e.g. Nakamura & Oke 1988). The probes were located at least 1 m from the facades at all the sites. In order to complement the continuous measurements, instantaneous measurements of air temperature and relative humidity were taken at pedestrian level at each site during the first week of the measurement period (the posi- Table 3 . Measured parameters and instrumentation; see Fig. 2 for instrument positions tioning of the probes is shown in Fig. 2 ). The difference between the fixed and the instantaneous measurements was within ±1 K at all sites including the Pettah (DMP) site, where the logger had to be placed above a lawn in a nearby courtyard (see Fig. 2 ) where the H/W ratio differed from the street. Moreover, instantaneous measurements of surface temperatures and wind speed were taken at pedestrian level at each site. The temperatures of the pavements, street and adjacent facades were measured with an infrared thermometer. The wind speed was measured with a directionally independent wind sensor. The instantaneous measurements were taken between April 30 and May 8, 2003 primarily in the morning and in the afternoon.
Reference data
In addition to the fixed stations, official weather data were collected from 3 first-order weather stations maintained by the Sri Lankan Department of Meteorology: Colombo city station, Ratmalana Domestic Airport and Katunayake International Airport, see Table 4 and Fig. 1 . The first is located in a residential district within the city limits. The airports, Ratmalana just south of the city and Katunayake some 25 km north of downtown Colombo, are representative of the suburban conditions of the CMR. Data from these synoptic stations were made available during the measurement/calibration period (April 30 to May 16, 2003).
RESULTS AND DISCUSSION
Classification of days
The measurement period included weather conditions ranging from fairly clear days to overcast days, sometimes with rainfall. In order to categorize the measurement period into synoptic weather types, official weather data from the Colombo city station was used. Cloud cover and global radiation data were used to categorize the measurement period into clear, partly cloudy and overcast days and nights. As expected, the cloud cover was extensive during the whole measurement period and there were no really clear days according to standard definitions (less than 2 octas cloud cover, see e.g. Jonsson 2005). In this study, the definition of 'clear' was < 5 octas, 'partly cloudy' 5 to 7 octas and 'overcast' > 7 octas. These groups corresponded to the following daily global solar radiation ranges: > 5000 Wh m -2 , 2000 to 5000 Wh m -2 and <2000 Wh m -2 respectively. Using this definition, 6 days and 5 nights were categorized as 'clear', 6 days and 6 nights were 'partly cloudy' and 5 days and 6 nights were 'overcast'. During the measurement period, sunrise was around 06:25 h, solar transit at 12:37 h and sunset around 18:50 h local standard time (LST). As such, 07:00 to 19:00 h LST was classified as 'day' and 20:00 to 06:00 h LST as 'night'. The classification of days together with rainfall events is shown in Table 5 .
Air temperature
The urban-rural air temperature differences during the measurement period were significant. Under 'clear' conditions, differences were slightly greater by day than by night. The intra-urban differences were much larger during the day than at night. During clear and partly cloudy days, both heat and cool islands were observed at the urban sites. On clear days, the intra-urban differences reached 7 K and most of the urban sites were cooler than the rural station (Fig. 4) . Such a cool island phenomenon has been noted in several tropical cities (e.g. Nichol 1994 , 1996a ,b, Jonsson 2005 . In the case of Colombo, the reason for the cool islands is likely to be a combination of shading by buildings and sea breeze cooling. Moreover, the urban-rural and intra-urban differences were significant on partly cloudy days (Fig. 5) .
The effect of urban morphology is illustrated by the tendency of the maximum temperatures (defined in this study as the temperature at 14:00 h LST) to decrease with increasing H/W ratio. Fig. 6 shows this relationship for clear days, but the trend also exists to a lesser degree on partly cloudy days. The warmest site, NUG, has the lowest H/W ratio, while the coolest sites have higher H/W ratios. A probable reason is that less solar radiation is absorbed at street level for larger H/W ratios. The results of this study agree with Ahmed (1994) who found a similar trend in Dhaka, Bangladesh during the hot-humid summer. Studies in hot-dry climates also show the same trend, e.g. Bourbia & Awbi (2004) and Johansson (in press ).
The clearest evidence of the sea breeze effect is the difference between the BoC site and the GRB and DMP sites. All 3 sites are roughly equidistant from the sea, but GRB and DMP are much warmer. The reason is likely to be the blocking of the sea breeze by buildings. The sea breeze is also a contributing factor to the difference between the cool BoC site and the warmest site, NUG, which is about 4 km inland. Evidence of the sea breeze effect can also be found at the UoM site where the temperature at roof level, which the sea breeze is probably able to reach, is lower than at street level. It is not known how deep into the city the sea breeze penetrates, but the results indicate that there is little sea breeze penetration at street level, due to the presence of dense development. Nieuwolt (1966) in hot-humid Dar es Salaam, Tanzania, where the sea breeze creates a daytime cool island during the intermonsoon period (the period when the sea breeze effect was most profound). The effect of sea breeze on the city climate was also noted by Saaroni et al. (2000) in Tel-Aviv, Israel. Places close to the sea, or where the urban morphology allowed the sea breeze to penetrate, were cooler than the rest of that city. As the H/W ratio as well as the distance and openness to the sea differ between the sites, it was not possible to estimate the relative effect of each factor on the cool island.
The ground cover may also influence intra-urban differences. The only site where permeable ground exists (the graveled road at the UoM site) is among the coolest by day; the other sites all have ground cover of impervious, dense materials such as concrete and asphalt.
The temperature differences between the fixed stations were negligible on overcast days. This is to be expected since solar radiation is limited and the sea breeze is weak. During rainfall caused by afternoon thunderstorms, the temperature could drop drastically by 8 to 9 K. This phenomenon, which is mainly due to downdraft of cool air from high altitudes was found by Nieuwolt (1966) in Singapore.
Nocturnal UHIs at the fixed stations
A small, but distinct, UHI developed during clear and partly cloudy nights. Fig. 7 shows the nocturnal UHIs for 'clear' nights. The magnitude, about 3 K, is smaller than normally found in mid-latitude cities for the same city size and sky-view factor (SVF; the average SVF for the urban sites was 0.5), but is similar to observations in East Asian cities (Oke et al. 1991) . The results also agree with results from other hot-humid, coastal cities such as Singapore (Tso 1996) and Dar es Salaam (Jonsson 2005) . The probable reasons for the small UHI are: high rainfall (which leads to high soil moisture at the rural site), high humidity in the air and high cloud cover (both of which cause high sky emissivity) (see e.g. Oke et al. 1991) .
As expected, there is a general tendency of the UHI effect to diminish with increased cloud cover, although this relationship was not always clear. Variations in wind speed did not seem to influence the magnitude of UHI. However, it must be noted that the measured wind speeds were very small, especially within builtup areas (in general < 2 m s -1 , see below). As can be seen in Fig. 7 , there were small differences in UHI intensity between the urban sites. No clear relationship between urban geometry, expressed either as H/W ratio or SVF, and UHI could be found, especially in the evening soon after sunset. Instead, 3 of the sites had the highest UHI intensity at the end of the night just before sunrise, and at this time (06:00 h LST) there was a tendency for the UHI to increase with decreasing SVF. However, at the other sites, NUG and GRB, the maximum UHI was just after sunset, especially following clear days with high solar radiation. The reason could be that these sites, which have a low H/W ratio and ground covers of dense, dark surface materials, absorb and store high amounts of heat during the day which is then released after sunset. The degree of intraurban variation diminished with increased cloud cover, overcast conditions virtually wiping out the differences.
Solar radiation and surface temperatures
The maximum global solar radiation for 'clear' sky conditions -the instantaneous value at 13:00 h LSTreached 900 W m -2 . On overcast days, the maximum was only 400 to 500 W m -2 . Only small variations were found between the official values of the Colombo city station and the UoM site, where the global radiation was measured.
The surface temperatures of facades, pavements and streets varied considerably, depending on whether surfaces were exposed to direct solar radiation or not. Under clear sky conditions, dark (i.e. low albedo) horizontal surfaces such as concrete paving and asphalt had temperatures between 50 and 60°C in the early afternoon. The difference between nearby sunlit and shaded spots was between 10 and 20 K. Facades were colder than horizontal surfaces in general, especially around noon when differences reached 10 to 20 K. The reason was the smaller angle of incidence resulting in lower solar radiation flux density, but the fact that some facades had lighter colors than the streets and sidewalks must also be noted. Even so, the facades were 5 to 15 K warmer than the air temperature during sunny conditions. These findings agree with Nakamura & Oke (1988 ), Nichol (1996a , Pearlmutter et al. (1999) and Ali-Toudert et al. (2005) . The higher surface temperatures have implications on human comfort in urban areas. Johansson & Emmanuel (in press) show that the mean radiant temperature of a person on the sunny side of a street canyon will be very high and consequently the thermal comfort of this person will be very poor.
Humidity
The relative humidity (RH) varied between sites, but was on average around 75% during the day and around 90% at night. However, the RH on clear days dropped to 55% at the warmest sites (Fig. 8) . The average vapour pressure (VP) calculated according to DIN 4108 (DIN 1981) for the Colombo city station was 32 hPa during the measurement period. Fig. 9 shows the average VP of the urban sites compared with the rural site for clear and partly cloudy days. There was evidence of urban moisture excess (UME) during the night. However, the rural VP rose sharply whereas the urban increase was moderate shortly after sunrise, when the convection process started. The latter situation is likely to be due to less evapotranspiration and lower convection within the urban areas (Oke 1987 , Mayer et al. 2003 . The rural VP decreased in the afternoon, but the urban VP remained almost constant due to decreased evaporation. This is most likely the result of a low ventilation rate within the urban canyons (Oke 1987) . Other studies have also found a nocturnal UME with an urban-rural VP difference (Jáuregui & Tejeda 1997 , Holmer & Eliasson 1999 , Mayer et al. 2003 . Although VP was lower in urban than in rural areas by day, the humidity levels in this study are sufficiently high to have a negative impact on thermal comfort, as the evaporative cooling potential of the human body decreases at high humidity (Givoni 1998).
Wind
Wind data reported from the official weather stations showed low wind speeds -on average < 2 m s -1 at the city station -and varying wind directions during the first 2 wk of the measurement period. This was followed by higher wind speeds, more or less consistently from the SW, at the end of the period. Thus, the measurement campaign seems to have covered the last 2 wk of the inter-monsoon period.
The wind roses at 15:00 h and 00:00 h LST for the first 2 wk of the measurement period are shown in Fig. 10 . Although the Colombo city station is situated some 2 km inland, there is a SW afternoon sea breeze. At night, however, wind speeds are very low and no prevailing direction can be discerned.
A limited number of instantaneous measurements indicates that wind speeds are higher in shallow canyons (NUG, GRB) and at the site open to the sea (BoC) than in the deeper canyons (DMP, UoM). The wind speeds at the BoC site were higher than the centrally situated Colombo city station, whereas wind speeds at the deeper canyons of DMP and UoM were lower.
CONCLUSIONS
The microclimate was measured at 5 urban sites in Colombo, Sri Lanka and at a nearby rural site. The measurements were carried out during the intermonsoon period in May 2003, when temperature and humidity are at their peak and wind speeds are low. This period is also characterized by high rainfall and a high degree of cloud coverage. The temperature differences between the urban sites reached 7 K on clear days in spite of the relatively wet period of measurement. Urban morphology had a significant impact on daytime air temperatures; the maximum daily temperature decreased with increasing H/W ratio. There was also evidence of a sea breeze effect; sites open to the sea were significantly cooler than other urban sites. In contrast to the daytime variations, only small intra-urban temperature differences were found at night. It is likely that both the intra-urban and urban-rural differences will be bigger during drier seasons.
The solar radiation was intense on clear days; consequently, sunlit surfaces became very hot, up to 20 K above air temperature. Wind speeds were low in general, but tended to decrease with increasing H/W ratio.
The urban planning and design implications of these findings could contribute to the development of climate-sensitive urban design guidelines on building morphology, street layout and landscape control in Colombo and other cities with similar climate. This study showed that • The use of high H/W ratios in urban design may be favorable, as this leads to lower daytime air temperatures and more shade at street level.
• Sea breeze penetration into the city should be facilitated by opening up the coastal strip. Currently, medium-rise buildings act as a barrier along much of the coast and intersections consist mainly of narrow streets.
• Horizontal shading is necessary to provide shade to people and urban surfaces around solar noon. This could be achieved by planting shade trees and building pedestrian arcades. Further studies are needed to develop adaptation strategies that could improve the microclimate at street level in different parts of the city. These could include detailed microclimatic measurements combined with questionnaire surveys to explore comfort preferences of the local population. There is also a need for an evaluation of different climate-sensitive design concepts both by measurements and by computer simulations. Additionally, studies are needed to explore different ways to create shade in the urban environment without reducing air movement. A variation in building height is likely to be beneficial, since this stimulates air movement. 
